the target cells.
Introduction
Various types of bioactive nucleic acids (NAs) have been explored as potentially revolutionary treatments for all major types of diseases, including viral infections, [1] hereditary disorders, [2] autoimmune disorders, cardiovascular diseases, and cancer. [3] The attractiveness of NA therapies lies in their ability to correct the underlying molecular causes of the disease by intervening at the genomic level. [4] Although NAs have been an indispensable tool for genomic manipulations in vitro, their therapeutic potential remains largely unfulfilled outside of a few disease indications that rely on local administration. [5] The main obstacle to successful clinical translation of NAs has been the lack of suitable delivery methods, especially for applications that require systemic administration. Many of the delivery problems are due to the large size, strong negative charge, and susceptibility to enzymatic degradation of many NAs. Unlike other macromolecular biologics (i.e., monoclonal antibodies) that typically only have to bind plasma membrane receptors for their pharmacologic action, NAs must be delivered inside
Acid-Labile Linkers in the Design of NADS
Various acid-labile linkers have been incorporated into the structure of stimulus-responsive polyplexes, including imines, orthoesters, acetals/ketals, and maleic acid amides (MAA). The linkers can be placed in the polycation main chain or side chains to prepare biodegradable polyplexes and to enable site-specific release of NAs. [14] Among the reported linkers, we highlight MAA as an example of a linker that has been successfully used for systemic in vivo delivery of NAs.
MAA linkers have recently been used in the design of pH-responsive polymers because of their selective lability in mildly acidic pH (Table 1) . [15] MAA linkers are prepared by the reaction of a primary amine and maleic anhydride derivatives. [16] The obtained linker is stable at neutral pH but hydrolyzes rapidly when exposed to acidic pH. The hydrolysis kinetics of MAA linkers depend on the substituent groups at the double bond of the MAA moiety. [15] In general, MAA from dimethyl maleic acid derivatives shows faster hydrolysis than MAA from monomethyl maleic acid derivatives because of the higher pK a of the carboxylate in dimethyl MAA. [17] As mentioned above, the extracellular pH in tumor tissues is lower than in normal tissues and the bloodstream. The MAA linker chemistry has been used to enable tumor-specific reactions, which can improve tumor uptake by either charge conversion of polyplexes from negative to positive [18] or by removal of a protective PEG shell to expose the underlying cationic polyplex particles, thereby facilitating cell uptake. [19] PEG-block-2,3-dimethylmaleic anhydride (DA)-modified poly(l-lysine) (PEG-PLL(DA)) was coated on the surface of polyplexes made from a folate-modified positively charged polypeptide (FK) and a p53 plasmid (FK/p53) through electrostatic interactions to form ternary complexes FK/p53/PEG-PLL(DA) ( Table 1) . [18a] The charge-switchable PEG shield (PEG-PLL(DA)) acted as a detachable coating which responded to the lower pH at the tumor site. At the physiological pH of the bloodstream (7.4), PEG-PLL(DA) was able to extend the circulation time by shielding the positively charged FK/p53 complexes. After accumulation of the FK/p53/PEG-PLL(DA) complexes at the tumor site, the acidity-triggered charge switch led to the detachment of PEG-PLL(DA) from the FK/p53 complexes, and resulted in efficient tumor cell entry via folate-mediated uptake and electrostatic binding. The FK/pGL-3/PEGPLL(DA) complexes, which were initially negatively charged, became positively charged within 10 min of incubation at pH 6.8, and their zeta potential Charge-conversion polymers [15, 18] Polymers with pH-sensitive linkers [19] PEG-PLL(DA)
[18a]
PEG-PAsp(DET)-cholesteryl [23] DMAEMA copolymers [12b] DMAEMA copolymers [25] PEG-Cat-PBA-PEI (PCPP) [28] reached a plateau at around 15 mV after 20 min. At pH 7.4, the complexes kept their negative charge even after 100 min of incubation. This acid-dependent zeta potential change was mainly attributed to the fact that the rapid hydrolysis of amide bonds in the MAA under acidic conditions led to detachment of the PEG-PLL(DA) shell and exposure of the positively charged surface of the complexes. Wang and co-workers reported the use of an MAA linker (Dlinkm) in the synthesis of block copolymers containing PEG, a biodegradable polyester block, and nonaarginine to bind siRNA (Table 1) . [19] Hydrolysis of the MAA linker in the acidic tumor microenvironment caused the detachment of the PEG surface layer, thereby leading to efficient cellular uptake and enhanced gene silencing and therapeutic effect. Cumulative PEG release results revealed that less than 20% of the total PEG was released when the nanocarriers were incubated at pH 7.4 for 24 h, while at pH 6.5, the release was much more rapid and reached a cumulative total of nearly 60% under otherwise identical conditions.
Enhanced Endosomal Release by pH-Responsive NADS
Poly(ethylenimine) (PEI) was one of the first synthetic polycations shown to facilitate effective endosomal escape of polyplexes. Since then, multiple other polycations have been developed that build on the legacy of PEI. For example, highly effective polyaspartamides (PAsp) containing pH-sensitive endosomolytic ethylenediamine pendant groups have been developed. [20] PAsp(DET) combines excellent pH responsiveness with improved safety when compared with PEI. The amines in PAsp(DET) have two distinct pK a s (6.2 and 8.9) [21] and thus the ethylenediamine moieties change from the monoprotonated state to the diprotonated state at the endo/lysosomal pH of 4-6. The positive diprotonated PAsp(DET) side chains strongly interact with the vesicular membrane and presumably induce membrane disruption, thereby enabling endosomal escape. [21, 22] Ge et al. developed polyplex micelles prepared with PEG-bPAsp(DET) and plasmid DNA encoding sFlt-1 (Table 1) . [23] The acid-responsive behavior of PAsp(DET) copolymers resulted in selective destabilization of the endosomal membrane and contributed to the significant growth inhibition of subcutaneous pancreatic tumors in mice. In addition, the PAsp main chain was fully biodegradable as a result of a self-catalytic reaction at neutral pH and at 37 °C. [24] This biodegradability, which contributed significantly to the safety and excellent transfection efficiency of PAsp(DET), occurred through an underlying degradation mechanism that has been previously observed in asparagine-containing peptides. Repeated transfection, by administering the polyplexes every 24 h, showed that PAsp(DET) delivered a continuous increase in transgene expression, while nondegradable control polyplexes showed a decrease in transgene expression after 48 h, coupled with fluctuations in the expression profiles of endogenous genes, suggesting off-target toxic effects. In vivo intraperitoneal injection of PAsp(DET) induced minimal levels of inflammatory cytokines, comparable to those induced by normal saline.
Copolymers of 2-(dimethylamino)ethyl methacrylate (DMAEMA) are another example of a polycation with weakly basic amines that has been shown to improve the endosomal escape of NAs through the presumed proton sponge effect. [12b] Hydrophobic modifications can have beneficial effects on polycationic delivery systems including prolonged serum stability, enhanced membrane binding, improved dissociation in the cytoplasm, and decreased cytotoxicity. A panel of pH-responsive PEG-b-(DMAEMA-co-BMA) diblock copolymers was prepared by reversible addition-fragmentation chain transfer (RAFT) ( Table 1) . [12b] The copolymers were then used to create polyplexes with an antiluciferase siRNA and the gene silencing efficiency was tested in MDA-MB-231 breast cancer cells transduced to constitutively express luciferase. The copolymer with a 50% BMA content (50B) produced polyplexes with the highest luciferase silencing effect (94% reduction in the protein level at 48 h compared to the negative scrambled control siRNA). Moreover, the 50B polymer had an optimally balanced cationic and hydrophobic content in the core-forming block, which yielded polyplexes with improved resistance against destabilization in the kidneys in vivo and pH-dependent membrane-disrupting activity that was tuned for endosomal escape. The authors also synthesized poly[DMAEMA-b-(BMA-co-PAA-co-DMAEMA)] using RAFT polymerization (Table 1) . [25] These copolymers underwent self-assembly into siRNA-loaded micellar NPs with 40 nm size and positive ζ-potential (+20.2 mV) that were optimized for pH-dependent membrane disruption and tuned for endolysosomal escape. These NPs were also incorporated into porous polyester urethane (PEUR) tissue scaffolds. Delivery of siRNA NPs from these tissue-inductive PEUR scaffolds has the potential to provide a new, tunable platform technology for efficient, local gene silencing.
Phenylboronic Acid (PBA)-Functionalized Polymers
PBA-functionalized polymers have been utilized to target sialic acid (SA) residues on cancer cells. [26] PBA is a Lewis acid that forms reversible borate esters with cis-diols found in various carbohydrates. [27] Moreover, the covalent phenyl boronate ester linkages are thermodynamically stable under neutral or alkaline conditions (at pH > pK a ) but are susceptible to cleavage when pH < pK a . PBA can interact with carbohydrates including ribose in RNA. [27] Since ribose ring exists at each 3′-end of double-stranded siRNA, PBA can be chemically conjugated to siRNA without any catalysts and can also form intermolecular crosslinks via siRNA bridging, thereby stabilizing polyplexes. [27b] The PBA-siRNA binding is spontaneous and fully reversible, and this can be used to tailor the stability of the complexes to achieve controlled packing/unpacking in specific biological environments with a different pH, such as endosomes and lysosomes. This unique chemical characteristic provides an advantageous base for designing a PBA-mediated SA-targeting drug delivery system for cancer therapy.
The PBA-functionalized copolymer PEG-CPB-PEI (PCPP; Table 1 ) was used to condense siRNA into polyplexes. [28] This pH-responsive, tumor-specific NADS was constructed to achieve cleavable PEGylation, targeted delivery and effective intracellular release of siRNA. The polyplexes consisted of PEG-catechol (mPEG-Cat) and PBA-grafted low molecular weight PEI (PEI-PBA). The spontaneous formation of boronate linkages between PBA and catechol allowed facile attachment of mPEG-Cat to PEI-PBA under neutral conditions. After intravenous (i.v.) administration, the PEG shell was detached due to the instability of PBA-catechol linker in the acidic tumor microenvironment. After internalization into the endosomes/ lysosomes, the borate ester between PBA and ribose in the crosslinked core could be completely disrupted as the pH further declined to 4.5-5.5. Therefore, the polyplex disassembled and rapidly released siRNA. Meanwhile, the PEI component promoted endosomal/lysosomal escape and allowed the siRNA to be transported into the cytoplasm for gene silencing (Figure 3) . In the gene silencing assay, downregulation of luciferase expression in a pH-dependent manner was observed, and this reduction was more effective at pH 6.5 than at pH 7.4. After cells were incubated with PCPP/FAM-siRNA for 3 h, the green fluorescence of FAM-siRNA was primarily found to be colocalized with the red signal of LysoTracker, while separate fluorescent signals from FAM-siRNA and LysoTracker were observed after 8 h of incubation. This suggested that PCPP/ FAM-siRNA was initially entrapped within endosomes/lysosomes, but then escaped. When a pH-responsive PCPP-siSur complex was tested in tumor-bearing mice, the tumors in the PCPP-siSur group had a relatively gradual growth profile and the smallest volume, suggesting that the PCPP-siSur nanoparticles effectively inhibited tumor growth in vivo.
The slightly lower pH of the cytoplasm compared to the extracellular environment is partly attributed to numerous acidic metabolites residing in the cytosol, e.g., adenosine triphosphate (ATP). The ATP concentration in the cytosol (1-10 × 10 −3 m) is tenfold higher than that in the extracellular milieu (0.4 × 10 −3 m).
[29] To make a nanocarrier responsive to ATP, the carrier must include functionality capable of differentiating ATP from other components. So far, three types of approaches have been adopted to prepare ATP-responsive nanocarriers: (1) single-stranded DNA aptamers that specifically bind ATP; [29a] (2) ii) accumulation of PCPP/siRNA at the tumor site by the EPR effect; iii) extracellular acidity-activated detachment of PEG shell and exposure of PBA; iv) PBA recognition and SA receptor-meditated cellular internalization; v) endosomal/lysosomal escape and acidity-triggered disassembly of the polyplexes accompanied by the release of siRNA; vi) gene silencing. Reproduced with permission. [28] Copyright 2017, Ivyspring. of energy; [30] and (3) PBA motifs, which can bind to diol-containing molecules such as ATP. [31] The main reported ATPresponsive NADS are based on PBA that can form a reversible ester linkage with cis-diol molecules. The Jong group developed a crosslinked polycation to reduce the toxicity of carriers and achieve fast release of loaded NAs in tumor cells in the presence of high concentrations of ATP. [32] In the study, the polycation CrossPEI was constructed from PBA-PEI (PBAmodified PEI) and Gal-PEI (galacturonic acid-modified PEI) (Figure 4) . The galacturonic acid contained cis-diols that can form a reversible bond with PBA. Therefore, a crosslinked PEI was formed which encapsulated siRNA better and had a higher gene transfection efficiency than low molecular weight PEI (1.8 kDa). This crosslinked vector successfully delivered siRNA to the tumor and into the cytosol of tumor cells. Furthermore, the crosslinked vector disassembled when exposed to high concentrations of ATP in the cytosol, which resulted in burst release of the siRNA. The ATP-triggered degradation of CrossPEI meant that it had low systemic toxicity compared with high molecular weight PEI. Therefore, this delivery system holds great potential for systemic siRNA delivery and tumor therapy.
Calcium Phosphate (CaP) Particles
CaP-DNA coprecipitates were originally developed as a DNA transfection system by Graham and Aj in 1973. [33] CaP condenses NAs with high efficacy and rapidly dissolves in acidic endosomal or lysosomal environments, leading to endosomal escape and release of NAs into the cytoplasm. [34] However, CaP/ NA particles grow quickly to form large agglomerates after preparation, causing reproducibility problems that limit their application in vivo. Moreover, large CaP agglomerates tend to disturb intracellular calcium homeostasis, resulting in cell death. [35] Current efforts are focused on developing stable and pH-responsive CaP-based hybrid nanoparticles. For example, carboxymethyl chitosan grafted with PEG (PEG-CMCS) was used to stabilize CaP particles with siRNA. [36] After cellular uptake, protonation of the amino groups of PEG-CMCS in the acidic environment of the endosome led to the formation of positively charged PEG-CMCS, which then dissociated from the CaP/siRNA particles. The exposed CaP dissolved at the acidic pH, thus releasing the siRNA, and the calcium and phosphate ions increased the osmotic pressure, bursting the endosome. The formed nanoparticles, with a slightly negative zeta potential and an average diameter of ≈100 nm, efficiently encapsulated siRNA and had enhanced colloidal and serum stability. Moreover, comprehensive studies of the nanoparticles confirmed their superior safety both in vitro and in vivo. Qiu and co-workers prepared an alendronate-hyaluronan graft polymer (AHA) as the outer shell to stabilize CaP nanoparticles. [37] The inner core of the nanoparticles was formed by the CaP-siRNA coprecipitate, followed by the strong interaction between the calcium ions and the negatively charged phosphate of AHA. A pH-responsive release assay demonstrated that only 5% of the entrapped siRNA was released from CaPAHA10/siRNA NPs after 6 h of incubation at pH 7.4, while 20% and 85% of the siRNA was released within 2 h of incubation at pH 6.5 and 5.0, respectively. A lysosomal escape assay indicated that the acidification of lysosomes facilitated the disassembly of CaP-AHA10/ siRNA NPs, and the resulting ions sharply increased the inner osmotic pressure, thus enabling the release of siRNA from late lysosomes to the cytoplasm. 
Redox-Responsive Systems

Disulfide-Containing NADS
Biodegradable polycations that contain disulfide bonds in their structure offer multiple advantages compared to nondegradable and other types of biodegradable polycation (i.e., esters). [38] The disulfide bonds in such bioreducible polycations are relatively stable under physiological extracellular conditions, but can be cleaved selectively in several intracellular compartments through a thiol-disulfide exchange reaction with the abundant antioxidant glutathione. [39] Thus, NADS based on bioreducible polycations are expected to be stable during systemic circulation, but should dissociate rapidly in the reducing environment of the cytosol or nucleus after cellular uptake. Such spatial selectivity allows, in principle, release of NAs in the desired intracellular space. Furthermore, the degradability of bioreducible polycations often leads to decreased cytotoxicity when compared with nondegradable analogs. [40] While there have been many studies published on the topic of bioreducible NADS, the vast majority of these have focused on the synthesis and in vitro examination of NA delivery. Here, we focus on the few selected examples of bioreducible NADS that demonstrate promising activity in vivo.
Branched PEI with molecular weight 25 kDa is the most widely used polycationic NADS due to its highly effective endosomal escape activity, but its in vivo use has been limited by its toxicity. [41] In contrast, low molecular weight PEIs have lower toxicity, but poor transfection efficiency. In order to balance the transfection efficiency and cytotoxicity, low molecular weight PEIs have been crosslinked using disulfide linkers to take advantage of the benefits of high molecular weight PEI. For example, bioreducible PEI (PEI-SS) was prepared and further conjugated with Pluronic copolymers. As expected, [42] the PEI-SS NADS showed decreased toxicity in vivo, while DNA delivery and transfection efficiency were enhanced. [42a] Along the same lines, Chung and co-workers prepared PEI-SS using PEI crosslinked with cystamine bisacrylamide (CBA), and they further equipped the polymer with N-acetylglucosamine (GlcNAc) and a targeting ligand for delivery of siRNA to treat liver fibrosis. [42b] The resultant NADS specifically interacted with desmin on activated hepatic stellate cells and showed increased accumulation in the livers of fibrotic mice compared to normal mice. A similar crosslinking approach was reported by Kissel et al. using dithiobis (succinimidyl propionate). [43] Compared to the non-crosslinked 25 kDa PEI polyplexes, these disulfide crosslinked polyplexes showed enhanced resistance against polyanion exchange and high ionic strength, significantly increased colloidal stability, and reduced interactions with major blood components like albumin and erythrocytes. Pharmacokinetic profiles of the PEI-SS/DNA polyplexes in mice after intravenous administration showed higher blood levels for the crosslinked polyplexes, confirming that the stability in the circulation was improved by disulfide crosslinking. In vivo transfection data revealed that unwanted lung transfection was significantly reduced while liver transfection predominated.
Degradable polycationic gene carriers, such as reducible disulfide-containing linear or branched poly(amido amine)s, have been designed that demonstrate similar or enhanced NA delivery efficacy and reduced cytotoxicity when compared to PEI. [44] Bioreducible poly(amido amine)s allow incorporation of a large number of disulfides directly into the polymer backbone by employing Michael-type polyaddition between various primary or secondary amines and a suitable bisacrylamide such as CBA. [45] The high content of disulfides then allows a more pronounced decrease in polycation-related toxicity and better control of NA release after disulfide breakage. Like PEI, poly(amido amine)s can be synthesized to have high buffering capacities in the endosomally favorable pH range of 5-7.4, which may facilitate the endosomal escape of their polyplexes. [46] Zhang and co-workers reported cholesterol-grafted reducible poly(amidoamine), which was able to self-assemble into polyplexes with particle sizes of ≈100 nm and to act as effective carrier for siRNA. Importantly, in vivo tumor therapy in nude mice bearing MCF-7 tumors further confirmed that the polyplexes containing siRNA to silence EGFR, which were designed to undergo transferrin receptor-mediated targeted delivery, had the greatest inhibitory effect on tumor growth, yet did not activate an immune response or cause significant body weight loss following systemic administration. [47] Dong and co-workers devised an interesting sheddable micelle architecture (PECssD) for siRNA delivery using disulfide linkages between PEGylated polycaprolactone (PCL) and PDMAEMA (Figure 5a) . [48] In the intracellular microenvironment, the disulfide linkages break and the PDMAEMA/ siRNA polyplexes then dissociate from the PEGylated PCL cores of PECssD/siRNA polyplexes, facilitating endosomal escape and efficient release of the siRNA. [48] The distribution of siRNA in vivo was improved and the gene silencing efficiency was increased (Figure 5b) . Furthermore, systemic administration of these NPs carrying a specific siRNA against siPlk1 (pololike kinase 1) induced a tumor-suppressing effect in the HeLaLuc xenograft model (Figure 5c ).
Natural polysaccharides, such as chitosan, dextran, and hyaluronic acid, offer good biocompatibility and biodegradability when used as components of NADS. [49] These polymers have also been developed for reduction-responsive delivery of NAs. Hyaluronic acid (HA) is among the most commonly used as it offers additional benefits due to its ability to bind with CD44 receptors which are overexpressed in various cancer cells. [49, 50] HA-based siRNA polyplexes were prepared by Park and coworkers using HA grafted with PDMAEMA. [51] The polyplexes were chemically crosslinked via the formation of disulfide bonds under facile conditions. In this system, the hydrophilic HA surface of the polyplexes shielded the siRNA and prolonged its circulation time in the bloodstream. Additionally, the crosslinked polyplexes were able to disassociate through cleavage of the disulfide bonds and enzymatic degradation of HA in the intracellular compartments, thereby efficiently releasing siRNA into the cytosol. In vivo distribution results showed selective accumulation of the polyplexes in tumors after their systemic administration, and excellent gene silencing efficiency was confirmed through in vivo antitumor experiments. Recently, Sun and co-workers reported a hybrid nanoparticle based on CaP and crosslinked HA which had dual functions of redox responsiveness and specific tumor-targeting ability. [52] siRNA was efficaciously condensed by CaP via electrostatic interactions, while HA-ss-HA acted as an anionic outer shell to stabilize and compress the particles. Both in vitro and in vivo luciferase gene-silencing studies demonstrated high transfection efficiency. Moreover, equipped with the tumor-targeting component HA, the nanoparticles significantly suppressed the growth of B16F10 xenograft tumors in mice. Gelatin is another natural polymer that has been successfully used in the design of reducible NADS. Thiolated gelatin was used to create a disulfide-crosslinked nanoparticle system for efficient delivery of its NA payload. [53] The results showed improved targeting efficiency, resulting in increased transfection efficiency and tumor growth suppression in vivo.
ROS-Responsive NADS
Reactive oxygen species (ROS) include multiple chemical species such as superoxides, hydrogen peroxide, hydroxyl radicals, and peroxyl radicals. [54] The role of ROS can be beneficial (i.e., cell signaling) if their concentrations are low and they are controlled adequately by the homeostasis mechanism; otherwise, it can be harmful (i.e., activation of mechanisms that trigger apoptosis), as in the case of oxidative stress with an abundance of ROS. [55] Many serious human diseases, such as cancer, inflammation, diabetes, Alzheimer's disease, Parkinson's disease, cardiovascular diseases, and arthritis, are linked with ROS overproduction. [56] The high ROS levels in these diseases can be exploited in the development of ROS-responsive drug/gene delivery carriers, imaging probes, prodrugs, and theranostic agents.
Several ROS-responsive functional groups have been successfully used in the design of NADS, including boronates, sulfides, thioethers, and thioketals. For systemic NA delivery, boronates and thioethers are the most commonly used examples. They are both capable of being cleaved in the presence of elevated ROS levels and thus can be used to release the NA cargo at the target site. Murthy and co-workers developed thioketal nanoparticles (PPADT) loaded with siRNA against TNF-α. The nanoparticles protected the siRNA from degradation in the gastrointestinal tract and selectively released the siRNA at the target gastrointestinal inflammation sites. [57] siRNA was first complexed with the cationic lipid DOTAP and added to an organic solution containing PPADT to form the ROS-responsive particles. Gastrointestinal inflammation is accompanied by a ten-to hundred-fold increase in mucosal ROS concentration. In a superoxide-rich environment, the thioketal groups are degraded into acetone and thiols. Therefore, the thioketal was cleaved at the target site into acetone and 4-(mercaptomethyl)phenyl methanethiol, leading to quick release of the siRNA. Furthermore, because of the selective nature of the cleavage, the siRNA remained intact in the nanoparticles and traveled through most of the gastrointestinal tract until it reached the target site. This ROS-responsive delivery system achieved successful delivery of siRNA to the intestinal inflammation site and silenced the target gene TNF-α. These results suggest that ROS-responsive materials with a high stimulus specificity can withstand the harsh environments during oral delivery and serve as vehicles for successful delivery of therapeutic NAs in numerous inflammatory gut diseases with elevated levels of oxidative stress.
Shen and co-workers developed an ROS-responsive carrier containing PBA to enable the burst release of DNA in tumor cells. [58] In their study, the NADS contained three functional components: poly(acrylic acid), quaternary ammonium groups, and PBA groups. The negatively charged DNA was condensed by the positively charged polymer under physiological conditions. Upon oxidation of PBA group by ROS, the quaternary ammonium groups release p-quinone methide (p-hydroxylmethylenephenol) and become tertiary amines, which subsequently self-catalyze the fast hydrolysis of the ester groups, producing poly(acrylic acid). Therefore, the positive charge is quickly reversed to a negative charge in the presence of intracellular ROS which leads to the disassembly of the polyplex and burst release of DNA. The resulting ROS-responsive polyplexes show higher gene transfection efficiency than the control PEI. Furthermore, this carrier effectively prevented premature DNA release in the circulation and successfully delivered TRAIL DNA to the tumor. This resulted in upregulation of the expression of the death ligand TRAIL and achieved a greater antitumor efficacy than carriers loaded with anticancer drug doxorubicin only. Another ROS-responsive NADS was developed by Shen and co-workers. [59] They synthesized a new class of disintegrable polysulfoniums with boronic acid/ester moieties that respond to intracellular ROS by degrading into thioether fragments, thus accelerating the release of DNA in tumor cells (Figure 6) . The polysulfoniums efficiently complexed DNA into small uniform polyplexes in an aqueous medium. After entering tumor cells, the polysulfoniums broke down into thioether fragments in the presence of ROS, efficiently releasing the DNA and facilitating its transcription. Thus, the polysulfoniums showed high gene transfection efficiency, strong resistance to serum degradation, and low cytotoxicity. In vivo, polysulfoniums successfully delivered the suicide gene pTRAIL and strongly inhibited growth and dissemination of various tumors.
Enzymatically Activated NADS
Enzymes are the catalysts for most biological reactions and are therefore important components of the biological toolkit. Their remarkable catalytic capacity, site-specific aggregation, and requirement for mild reaction conditions means that their use in medical applications is increasing. [60] Many enzymes are overexpressed in tumors or inflammatory sites. Thus, enzymeresponsive materials can be suitable candidates for the design of NADS. [61] An enzyme-responsive material can be defined as a system that undergoes macroscopic changes in its physical/ chemical properties upon the catalytic action of an enzyme. [62] The
Adv. Healthcare Mater. 2018, 7, 1701070 Figure 6 . Design of ROS-responsive polysulfonium polymers and their DNA polyplexes. a) Mechanism of ROS-triggered degradation into uncharged thioether fragments. b) Proposed mechanism of uptake and intracellular trafficking of the polyplexes. Reproduced with permission. [59] Copyright 2017, Wiley.
key component of an enzyme-sensitive material is the enzymeresponsive moiety, which is an enzyme substrate or a substrate mimic. Substrates that have emerged as modifications for NADS include enzymatically degradable peptides and esters. A second important factor in the design is the nature of the interactions inside the enzyme-responsive NADS, which lead to biochemical transformation and gene release. Materials can be designed so that they are activated by enzymes to expose their ligands or reverse their charges to facilitate subsequent internalization by, or penetration into, diseased organs. [63] Below, we will illustrate several typical enzyme-responsive materials for NA delivery.
Proteases are enzymes that are indispensable for cell proliferation, invasion, and apoptosis. Proteases are also considered as ideal targets because of their upregulated expression in diseases such as cancer and inflammation. [64] In a recent study, a new class of polyconjugate was developed that depends upon intracellular protease activity for siRNA delivery. These delivery vehicles expand on pH-sensitive dynamic polyconjugates that utilize MAA linkers for reversible masking of the membraneinteracting polyamine. The installed protease-sensitive linkages survive longer in circulation and allow an increased range of targeting effects for siRNA delivery. [65] Matrix metalloproteinases (MMPs), as one type of protease, have been implicated in extracellular matrix remodeling during development and in inflammation and wound repair processes. [66] MMP-2 and MMP-9 are proteases that mainly engage in the degradation of extracellular matrices in tumors, and they are relatively overexpressed in almost all tumors compared with normal tissues. It has been proved that MMP-2 and MMP-9 responsiveness can be highly sensitive and specific in tumors, which is promising for cancer therapy and imaging. In recent studies, MMP-sensitive nanoparticles were specifically taken up by tumor cells. Tang et al. [67] prepared nanoparticles consisting of PEG-block-poly[(1,4-butanediol)-diacrylate-β-5-hydroxyamyl-amine] (PEG-PDHA) and PEI-block-PDHA (PEI-PDHA). The PEG-PDHA and PEI-PDHA polymers were used as the outer layer, since they are amphiphilic, and paclitaxel (PTX) was loaded into the core. Loss of the PEG layer was triggered by the activity of MMP-2 and MMP-9 in the tumor microenvironment, which exposed the positively charged PEI and decreased the particle size. This increased the accumulation of the nanoparticles at the tumor site and enhanced their cellular uptake. Wang et al. also synthesized PEG and poly(ε-caprolactone) with an MMP-2-sensitive peptide bridge as an siRNA carrier. The MMP-2-responsive nanoparticles can efficiently enhance siRNA delivery to tumor cells. [68] Esterases are enzymes that usually catalyze hydrolysis of esters into acids and alcohols. The insertion of carboxylic esters into cationic polymers can facilitate cytoplasmic degradation of the polymers by esterases to form negatively charged carboxylate ions, which interrupt the electrostatic interactions between the polymer and the NA cargo. In a recent study, PEI was reacted with p-acetoxybenzyl acrylate and then quaternized to synthesize an esterase-responsive polymer (ERP) as a plasmid DNA carrier (Figure 7) . Interestingly, this ERP released the plasmid in tumor cells but not in tumor fibroblasts. The benefit of this carrier is that it selectively kills the tumor cell but avoids fibroblast hyperactivation. [69] Despite the recent progress made in the development of enzyme-responsive drug delivery systems, there are still challenges that need to be addressed. For example, enzyme levels vary in the different types and stages of a disease and a deeper understanding of this issue is required for designing enzyme-responsive materials. Furthermore, the similarities between the substrates of related enzyme families should be taken into account to enhance NA delivery. [64] 
Hypoxia
Hypoxia, defined as low oxygen (<1.4%) levels in tissues, [70] is a condition in which the whole or a region of the body has insufficient oxygen supply. For example, solid tumors contain hypoxic regions, surrounding areas of impaired circulation and extensive necrosis. [71] Due to the rapid proliferation of tumor cells, new blood vessel formation cannot satisfy the requirement for oxygen, resulting in inadequate blood flow to tumor regions and induction of the hypoxic state. [70a,72] Tumor hypoxia is an important negative prognostic factor and contributes to resistance to radiotherapy and chemotherapy because of its central role in vasculogenesis, invasiveness, metastasis, resistance to cell death, and altered metabolism. [70b] In addition, hypoxia is also associated with other ischemic diseases such as cardiomyopathy, limb ischemia, ischemic stroke, and neurodegenerative disorders. [73] In human diseases, hypoxia might well be considered a suitable target that can be exploited for improving diagnosis and treatment of various diseases. [60] Several typical bioreductive molecules with a hypoxiasensitive moiety, such as nitroaromatic compounds, azobenzene derivatives, and nitrobenzyl alcohols, have been applied in hypoxia-responsive systems for imaging and the design of hypoxia-sensitive prodrugs and delivery systems. [74] The nitroaromatic derivatives can undergo single-electron reduction to amines via a series of nitro reductases coupled with bioreducing agents that are present in tissues. This single-electron bioreduction is reversible and oxygen-dependent and is thus readily inhibited under normal oxygen levels. However, the nitro group of nitroimidazole can be further reduced to a free radical anion under hypoxic conditions. [70] Similarly, azo groups that can be reduced to amine derivatives under hypoxic conditions with a relatively high sensitivity have been incorporated in the form of bioreductive linkers in the backbone or side chains. Recently, these hypoxia-responsive groups were also utilized in the development of hypoxia-triggered drug release systems for anticancer and diabetes treatment. [75] Perche et al. designed a hypoxia-sensitive polymer containing an azo linkage for hypoxia-induced siRNA uptake and silencing. [75c] This siRNA nanocarrier was capable of hypoxia-activated gene silencing in hypoxic cells in vitro and in tumors after intravenous administration in vivo. In their study, the siRNA nanocarrier PAPD consisted of four components: PEG 2000, PEI, 1,2-dioleyl-snglycero-3-phosphoethanolamine (DOPE), and azo bond, which was used as a linker to conjugate PEG to PEI-DOPE units (Figure 8a) . The PEI-DOPE conjugates formed complexes with siRNA and promoted the formation of micelles (Figure 8b) . The PEG hydrophilic shell not only protected the siRNA from nuclease attack, but also extended the blood circulation time to increase tumor accumulation by the enhanced permeability and retention (EPR) effect. When the PAPD/siRNA micelles accumulated in the hypoxic tumor microenvironment, the PEG groups would be detached due to bioreduction of the azo linker. This exposed the positive charge of PEI in the residual PEI-DOPE/siRNA complexes, which could then be effectively taken up by the tumor cells. In vitro results revealed that the cellular uptake efficiency of siRNA under hypoxia was 3.2-fold higher than that under normoxia. The downregulation of GFP expression in tumors was also detected after intravenous injection of PAPD/siRNA micelles into A2780/GFP tumors in mice. Moreover, the low oxygen threshold (0.1-1%) of the azo-based probe avoided nonspecific activation in normal tissue, thus assuring the biosafety of this siRNA carrier. Such hypoxia-sensitive delivery systems provide a design guideline for cancer targeting and siRNA delivery in vivo.
Exogenous Stimulus-Responsive NADS
In addition to the endogenous stimuli described above, there has been a significant growth of interest in the use of physical exogenous stimuli to improve the efficacy of NA delivery. [76] Exogenous stimuli have acquired more attention because of their superior potential to achieve precise spatial and temporal control of the NA delivery. Exogenous stimuli refer to stimuli that are applied externally, such as light or ultrasound (US). Here, we summarize recent advances in the design of NADS that are able to control the systemic biodistribution of NAs in response to exogenous stimuli. [39b] 
Hyperthermia
Temperature change is a property that has the potential for development of stimulus-responsive systems for cancer treatment. Malignant tumors have a slightly higher temperature (40-42 °C) compared with normal tissues (36.5-37.5 °C) due to the Warburg effect. [77] While the natural hyperthermia of solid tumors is well known, it has not been widely explored for NA delivery. Instead, hyperthermia approaches that utilize external means of increasing the local temperature have attracted wide attention. Hyperthermia can not only induce a direct cytotoxic effect (>42.5 °C) in tumors but also increases the permeability of tumor vessels to macromolecular drugs. [78] Additionally, hyperthermia is associated with radiation-and chemotherapysensitizing properties as well as immunomodulatory effects in cancer therapy. [79] To date, multiple thermoresponsive materials capable of responding to the hyperthermic conditions have been widely applied in tumor-targeted gene delivery to enhance gene transfection efficiency. The core mechanism involves the polymers undergoing a phase transition when the temperature changes around the upper critical solution temperature or the lower critical solution temperature (LCST). [80] If the LCST of a thermosensitive polymer is near body temperature, the polymer is endowed with inherent sensitivity to physiological temperature. When the temperature rises above the LCST, the thermosensitive polymer can bind nucleic acids more compactly and protect them from degradation during the delivery progress. When the temperature is below the LCST, the water solubility of the polymer will increase, resulting in the disaggregation of the poly mer/gene complex and facilitating gene release from the complexes. In recent years, poly(N-isopropylacrylamide) (PNIPAM) and its derivatives have been the most widely reported LCST-type thermosensitive polymers for gene delivery. [81] PNIPAM undergoes hydrophilic to hydrophobic phase transition at its LCST of 32 °C, and this value can be further tuned by copolymerization with hydrophobic monomers or the introduction of hydrophobic groups.
[81a] Zintchenko et al. reported a set of PNIPAM/PEI copolymers for thermoresponsive gene delivery by application of local hyperthermia. [82] The PEI block was able to condense DNA, and NIPAM, with hydrophilic comonomers such as acrylamide or vinylpyrrolidone, was used to increase the transition temperature. These copolymers, when complexed with DNA, undergo phase transition and aggregate around the LCST of 42 °C. It was found that gene expression was increased by two orders of magnitude in cells treated with copolymer/DNA under hyperthermic conditions compared with cells transfected at normal temperature. Thermosensitive block copolymers PVP10-BPEI loaded with DNA have also been used for in vivo gene delivery. [77] The gene transfection efficiency in tumors was tenfold higher in hyperthermiatreated tumors compared with untreated tumors due to the fact that there was increased accumulation of the thermosensitive polymer and aggregation of thermosensitive polyplexes in the hyperthermic tumors. In a similar strategy, an amphiphilic graft copolymer PEI-g-PNIAPM was complexed with DNA to obtain a cationic, thermosensitive nanogel for gastric cancer therapy. [83] Another class of thermoresponsive materials, elastin-like polypeptides (ELPs), has attracted considerable attention as a thermosensitive carrier for gene delivery. ELPs are synthetic polypeptides composed of repeating Val-Pro-Gly-Xaa-Gly (VPGXG) sequences, where "Xaa" is any guest residue other than Pro. [84] The LCST of ELPs is a function of the composition and degree of Xaa substitution, which can be fine-tuned within the range of 0-100 °C for different applications. [85] ELPs have a reversible, rapid response to temperature with an inverse temperature phase transition. [86] Indeed, ELPs are highly soluble in aqueous solutions below the LCST but rapidly aggregate above it. Furgeson and co-workers designed an ELP-based recombinant diblock copolymer K 8 -ELP(1-60) for DNA delivery in cancer cells. [87] 
Ultrasound-Responsive NA Delivery
Ultrasound is an effective stimulus for NA delivery because its application can be spatially and temporally controlled at the desired site, therefore preventing unnecessary side effects to healthy tissues. US is also chosen because of its noninvasiveness, the absence of ionizing radiations, and the easy regulation of tissue penetration depth by tuning parameters such as frequency, duty cycles, and time of exposure. NADS such as microcapsules with ultrasonic responsiveness are often composed of a cationic polymer or liposome shell and a gas core. Under US exposure, these gas-filled capsules (microbubbles) can rapidly expand, compress, and collapse, leading to cavitation. [88] The cavitation then induces the formation of transient pores in the cell plasma membrane. Meanwhile, the NAs are released from the carriers and enter the cell through these membrane pores to achieve an enhanced transfection effect. Strategies that have been used in US-triggered delivery systems include the coadministration of (1) US and NAs; (2) US, microbubbles, and NAs; (3) US, microbubbles, and a separate NADS; (4) microbubble NA carrier constructs; and (5) targeted microbubbles as NA delivery vehicles. [76] Recent advances have mostly used the fourth and fifth strategies. of enhancing its DNA-carrying capacity to improve targeted gene transfection of the ischemic heart for cardiac regeneration. The CMB was composed of octafluoropropane gas core and a lipid shell. It had good biological safety in vivo, and CMB bearing DNA was suitable for administration by intravenous injection. [89] Another study tested the ability of a plasmidbearing microbubble formulation to target inflamed mesenteric endothelium in a mouse model of Crohn's disease. The US-activated microbubbles, which had a lipid shell and carried a luciferase plasmid, were targeted to sites of disease through functionalization with antibodies against markers of gut endothelial cell inflammation. [90] In addition to the methods described above, a combination of NA therapy and chemotherapy has also been tested in recent research. Yin et al. reported US-responsive nanobubbles encapsulating both the anticancer drug paclitaxel (PTX) and siRNA to treat hepatocellular carcinoma. The nanobubbles were developed by assembly of polymeric micelles and liposomes. [91] Yoon et al. reported a hybrid theranostic agent for use with US, namely a microbubble and liposome complex (MB-Lipo). [92] Tavri et al. developed a novel strategy using stem cells preloaded with DNA-carrying microbubbles for an in vivo transfection. After the stem cells were loaded with the microbubbles, they remained alive, and gene expression could be detected following in vivo delivery and activation by US pulses. [93] For better in vivo transfection, Shapiro et al. focused on optimizing various parameters such as acoustic pressure, microbubble concentration, treatment duration, DNA dosage, and number of treatments in local microbubble-assisted sonoporation for in vivo gene delivery. [94] Mead et al., using a method in which US, microbubbles, and a separate NA carrier were coadministered, developed brain-penetrating nanoparticles coated with a dense polyethylene glycol corona for treatment of brain tumors. [95] In another study, Fan et al. improved the gene transfection efficiency in the brain by using DNA-encapsulated microbubbles combined with focused US to disrupt the blood-brain barrier. [96] Together, these examples show that with technological progress, US-assisted NA delivery may provide a much-needed therapeutic breakthrough, especially for in vivo applications.
Light-Controlled NA Delivery
The mechanisms involved in photochemical reactions can be used to design stimulus-responsive NA vectors. Under light irradiation, this type of vector can stimulate or trigger drug/NA release. Light irradiation also induces the breakage of specific chemical bonds and the generation of ROS, which can promote the release of NAs/drugs from vectors or enhance the endosomal escape of complexes after they are taken up by cells. The ultraviolet, visible, or near-infrared (NIR) regions of the light spectrum can be used to improve NA delivery using appropriately designed NADS. Because of the poor penetration of UV and visible light in tissues due to absorption by endogenous chromophores such as hemoglobin, strategies that depend on NIR light, with its higher penetrability, have attracted much attention. Jayakumar et al. combined the advantages of high-energy UV and NIR irradiation, using upconversion technology. [97] They prepared core-shell fluorescent upconversion nanoparticles which, when excited by highly penetrating near-infrared radiation, emitted simultaneously in the ultraviolet and visible ranges. The upconversion nanoparticles could be used as remote nanotransducers to simultaneously activate endosomal escape and gene knockdown. Gene knockdown was enhanced as much as 30% in vitro compared to the control which was unable to facilitate endosomal escape. A similar gene knockdown trend was observed in vivo. Vankayala et al. reported novel and unique multifunctional gold nanoclusters with nuclear targeting properties. This theranostic nanoplatform was designed to perform simultaneous fluorescence imaging, gene delivery, and long (850-1100 nm) NIR light-activated photodynamic therapy for the destruction of cancer cells. [98] The percentage of gene transfection using these multifunctional gold nanoclusters was nearly 3.2-fold higher than that obtained using the most commonly adopted LP2000 liposome gene carrier with NIR light irradiation. Zhang et al. developed smart nanocarriers consisting of gold nanorods as photothermal controllers, thermosensitive polymers as navigators, and Y-motifs as DNA nanorobots to achieve the targeted delivery and controlled release of siRNA and DOX in vivo. In vivo studies showed that a low dosage of nanocarriers synergistically inhibited tumor growth by silencing gene expression and inducing cell apoptosis under mild NIR irradiation. [99] These studies provide good examples of in vivo NA delivery by the NIR light-activated method. With the development of this type of nanotechnology, particularly in the form of multifunctional NA nanostructures, specific stimuli can be used, providing smarter nanodevices for the personalized treatment of human disease with NAs and drugs.
Conclusion
Stimulus-responsive materials have been extensively investigated in a variety of biomedical applications. We have seen great advances in the development of materials that display responsiveness to physiologically relevant stimuli, which opened the door for their use in therapeutic and diagnostic applications. Perhaps in no other biomedical application their potential is as significant as in NA delivery, which has been held back by the lack of sophisticated delivery vectors that can successfully navigate the multitude of barriers encountered during NA delivery. In the last several years, we have seen increasing emphasis on development and evaluation of stimulus-responsive NADS that show activity in vivo. The increased focus on vectors that successfully deliver NAs after systemic administration is a welcomed development as it suggests maturing area of research and increasing realization of the importance of validation in relevant in vivo models. We hope that this progress report demonstrates the practical utility of stimulus-responsive materials in NA delivery and that we will see further advancements toward clinical translation.
